In this paper, we have assumed a flat Friedmann-Lemaitré-Robertson-Walker universe endowed with a general form of dissipation. The source of dissipation is considered to be a bulk viscous pressure Π which leads to an adiabatic creation of particles induced by the gravitational field. Further, the cosmic substratum is assumed to satisfy the equation of state p = (γ − 1)ρ and Π is considered to be proportional to H 2k+1 , where H is the Hubble parameter and k is the index of dissipation. This choice of dissipation is consistent with the pioneering works by Barrow and Clifton. Finally, by assuming an exponential form for H given by H = e m(t−t 0 ) , where m is a positive real parameter and which bears all the signatures of an emergent universe, we have been able to establish that the sufficiency of the inequality γk ≤ 0 can produce a class of emergent universes. However, this condition is by no means necessary for the existence of an emergent universe.
I. INTRODUCTION
A perfect fluid alone can describe most cosmological models, however, real fluids are dissipative in nature and a relativistic theory of dissipative fluids is needed to explain many processes in Cosmology such as reheating, neutrino decoupling, nucleosynthesis, etc. Such processes can be modeled using nonequilibrium or irreversible thermodynamics. A homogeneous and isotropic universe is generally considered in Cosmology so that bulk viscous pressure may be regarded as the only dissipative phenomenon. Now, a bulk viscous pressure may be generated either due to coupling of different components of the cosmic substratum [1] [2] [3] [4] [5] or due to nonconservation of (quantum) particle number [6] [7] [8] . However, in this paper, we shall deal with the latter aspect only. In fact, the mechanism of gravitational particle creation is considered to be a viable alternative to the concordance ΛCDM model. This mechanism potentially explains [9] [10] [11] [12] [13] [14] the evolution of the Universe starting from the Big Bang to the present state of late-time acceleration without referring to any hypothetical physical entity unlike the ΛCDM model of the Universe. Moreover, the gravitational particle creation mechanism (GPCM) is thermodynamically stable [15] .
A microscopic description of the GPCM in an expanding universe was first pioneered by Schrödinger [16] . A few decades later, this issue was discussed in the context of quantum field theory in curved spacetime by Parker and others [17] [18] [19] [20] . A macroscopic description was later introduced by Prigogine et al. [21] . Eckart [22] was the first to put forward a theory of irreversible thermodynamics of relativistic fluids. A variation of this theory was later introduced by Landau and Lifshitz [23] . But, this first order theory, like its Newtonian couterpart, suffers from serious problems such as stability and causality. Extended irreversible thermodynamics is able to overcome these problems by including the dissipative variables in the set which is constructed to describe the equilibrium states. A non-relativistic version of this latter theory was developed by Müller [24] . Almost a decade later, initially, Israel [25] and then, Israel and Stewart [26, 27] , independently, developed a relativistic one. Extended irreversible thermodynamics is also known as second order theory. For a concise review, one may see the lectures by Maartens [28] . It is worthwhile to mention here that a covariant description of irreversible thermodynamics has been developed and investigated by Pavón et al. [29] and later by Calvao et al. [30] .
II. ADIABATIC GPCM
In this paper, we shall be dealing with adiabatic GPCM so that we shall not be required to resort to either the first or the second order theories. Now, following Balfagon [31] , we see that the thermodynamics of an adiabatic open system with a varying particle number N leads to
where S is the total entropy, while σ = S N is the specific entropy, i.e., the entropy per particle. Eq. (1) looks very simple but it incorporates two very important properties of an adiabatic FLRW universe with a varying particle number-I. The second law of thermodynamics (SLT) inhibits the annihilation of particles in the Universe. This can be easily verified by dividing Eq. (1) by dt, which givesṠ = σṄ . As σ > 0, so SLT (Ṡ ≥ 0) impliesṄ ≥ 0.
II. Specific entropy remains constant. Taking the total derivative of S = σN and comparing it with Eq.
(1), we obtain dσ = 0 which implies a constant σ. Note that a fluid is said to be isentropic if σ is a constant for every particle.
III. BASIC COSMOLOGICAL EQUATIONS
The energy-momentum (EM) tensor T µν of a relativistic fluid having bulk viscosity is given by
where Π is the bulk viscous pressure associated with particle creation; all other terms have their usual meanings as far as Cosmology is concerned. The Einstein's equations G µν = T µν in a flat FLRW universe yield
Here, the equilibrium pressure p and the energy density ρ are assumed to be related by the equation of state (EoS) p = (γ − 1)ρ, where γ is the constant EoS parameter. The conservation of EM tensor giveṡ
The nonconservation of the particle number is taken into account by the equation [31] n + 3Hn = nΓ,
where n = N V is the particle number density and Γ is the rate of particle creation. Now, using Eqs. (4) and (5), and noting thatρ = h nṅ [31] , where h is the enthalpy density, we arrive at a very important relation connecting the bulk viscosity with the rate of particle creation-
Note that the bulk viscosity is a linear function of the particle creation rate under the assumption of adiabaticity. Again, using the Einstein's equations and Eq. (6), we obtain
IV. PRESENT WORK Our objective, in this paper, is to construct a class of emergent universes by assuming a general form of dissipation. In other words, we are interested in understanding that under what circumstances does the scenario of adiabatic GPCM, endowed with a general form of the rate of particle creation, leads to emergent universes. It is worth mentioning that Chakraborty [35] first investigated the connection between the concept of emergent universe and the GPCM assuming a particular form of dissipation Π = −3ζH. He found that both the first order Eckart theory and the second order Müller-Israel-Stewart theory can lead to emergent universes. In the present work, we aim to approach the problem of identifying emergent universe with dissipation through a different angle. We are eager to determine a sufficient condition which will lead to an emergent scenario by assuming a general form of dissipation in a flat FLRW universe satisfying adiabaticity. Now, in the expression Π = −3ζH, the bulk viscous coefficient ζ is proportional to ρ k [32] [33] [34] . The Friedmann equation further gives Π ∝ H 2k+1 . Again, from the EoS p = (γ − 1)ρ and Eq. (6), we obtain Γ ∝ H 2k , i.e., Γ follows a power law form in H. Using this power law form in Eq. (7), we have
where 3β 2 is the proportionality constant. The above equation can be expressed alternatively as
We now assume an exponential form for H, say H = e m(t−t0) , where m is a positive real parameter. Using the definition of H, we can obtain the scale factor by integration as a = a 0 e H m . Observe that these values of H and a satisfy all the asymptotic conditions 1 which bear the signatures of an emergent universea. As t → −∞, we must have a → a 0 , H → 0.
b. As t ≪ t 0 , we must have a ≈ a 0 , H ≈ 0. c. As t ≫ t 0 , we must have a ≈ exp(H 0 (t − t 0 )). Now, the expression H = e m(t−t0) and its time-derivative reduces Eq. (9) to
This is not a very convenient equation to solve for the parameter m by hand, so we have made use of the Maple software to obtain the value of m as
which leads to
If we look at Eq. (12) closely, we find that as t → −∞, we have H → 0, a → a 0 if γ ≤ 0 and k > 0, i.e., if γk ≤ 0. Thus, we have arrived at a condition which is sufficient to guarantee an emergent universe. More precisely, we have obtained a criterion that can lead to a class of emergent universes with a flat FLRW metric endowed with a general form of dissipation. However, this condition is by no means necessary for the existence of an emergent universe. We are now in a position to state the following important theorem -A dissipative, flat FLRW universe with a constant cosmic fluid EoS p = (γ − 1)ρ and an adiabatic particle creation rate Γ can lead to an emergent universe if γk ≤ 0, where k is the index of dissipation defined by Γ ∝ H 2k .
V. SHORT DISCUSSION
In this paper, we have considered a flat FLRW universe with dissipation due to adiabatic creation of particles induced by the gravitational field. We have assumed that the cosmic fluid satisfies the EoS p = (γ − 1)ρ and that the bulk viscous pressure Π ∝ H 2k+1 , consistent with the pioneering works by Barrow and Clifton [32] [33] [34] . Now, adiabatic creation of particles connects the bulk viscous pressure Π and the particle creation rate Γ in a linear fashion as described in Eq. (6), which leads us to Γ ∝ H 2k . Then, by assuming an exponential form for H given by H = e m(t−t0) , where m is a positive real parameter, we have arrived at a nice result! Based on the fact that this expression for H bears all the signatures of an emergent universe, we have concluded that the inequality γk ≤ 0 can produce a class of emergent universes. However, this condition is by no means necessary for the existence of an emergent universe. Our work is unique as compared to Chakraborty's work [35] in the sense that we have considered a general form of dissipation Π ∝ H 2k+1 , while he had assumed a linear form of the bulk viscous pressure, Π ∝ H.
